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Abstract 21 

Background: Development of agriculture-dominated socio-economy have led to 22 

remarkable increase of water consumption in arid regions of the world. Frequent 23 

over-exploitation of water resources resulted in widely environmental degradation in 24 

the water-scarce and eco-fragile area, especially in China’s inland river basins. The 25 

Shiyang River Basin (SYRB) is the one where the most contradictive situation was 26 

found between socio-economic development and environmental sustainability in 27 

recent decades. In this study, a case study clarifying groundwater responses to 28 

intensive oasis water utilization was conducted during the time period from 1981 to 29 

2010.  30 

Result: Regional AET was stepwise regressed with observed series of T, P and NDVI, 31 

the accuracy was found satisfactory. Module analysis revealed that the continuous 32 

warming had facilitated the AET rather than the other two factors (P and NDVI). The 33 

30-year statistics revealed that total volume of oasis water utilization far exceeded 34 

mountainous discharges in the SYRB. Local abstractions offset the insufficiency and 35 

resulted in considerable drawdown of groundwater level. Dynamics of groundwater 36 

were found remarkably influenced by land surface water division, oasis scale and 37 

water consumption. Driven module calibrated upon regional averages of the above 38 

variables, suitable scale of the oasis was quantitatively discussed. Results revealed 39 

that the near-complete development of mountainous discharges, along with the 40 

over-exploitation of groundwater, have brought about degradation of the underground 41 

water system. Groundwater level drawdown showed annual rates of 0.17 m/a and 0.31 42 
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m/a in the middle and lower areas, respectively, during the time period from 1981 to 43 

2010.  44 

Conclusions: Overexploitation of water resources and its negative consequences for 45 

regional hydrology and ecology in arid regions should be considered as a warning for 46 

pursuing economic well-being at the expense of the environment. Given the huge water 47 

demand for oasis survival and the background of climatic warming, reduction of 48 

arable scale combined with water transfer from outside should be conducted. This 49 

study serves as a 30-year case example when above contradictions presented 50 

remarkably in inland river systems in the arid northwestern China. 51 

Keywords: Oasis water utilization, regional AET, groundwater responses, the Shiyang 52 

River Basin 53 

54 
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Background 55 

Anthropogenic modifications have exerted substantial influence on natural earth 56 

systems over the past centuries. Agriculture development, for instance, has had a 57 

significant impact on water-soil exploitation [1], resulting in remarkable variations of 58 

regional eco-hydrology and availability of water resources in many parts of the world 59 

[2-6]. Today, human systems are facing a series of water-related challenges, including 60 

the need to meet growing requirements for food production, human health, 61 

environmental safety, etc. [7-8]. The inherent requirement of water resources for 62 

socio-economic development, especially in arid or semi-arid regions, has caused river 63 

exploitation to reach capacity [9], resulting in deteriorating patterns and processes of 64 

the river systems combined with declining underground water systems [9, 10-12] and 65 

degradation of land surface ecology [4, 13-14]. Specifically, inland river basins in 66 

northwest China have experienced prosperous periods over the past thousands of 67 

years when available water was adequate for a limited amount of agriculture and 68 

grazing [15]. The balance of supply and demand in many natural-artificial water 69 

systems in this region was sharply broken in recent decades due to the rapid 70 

population growth and oasis scale expansion [16-17]. The originally natural process 71 

of river-groundwater exchange in the middle and lower parts of the basin was 72 

changed by division/storage projects and groundwater pumping. Artificial procedures 73 

have greatly altered the natural horizontally-dominated slower water movement [18] 74 

into vertically-dominated faster processes in irrigated areas [19-20]. Water availability 75 

couldn’t match the speed of consumption. Stresses of continuously increasing 76 
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utilization have inevitably resulted in general water over-exploitation in the critically 77 

water-scarce areas [21-23]. 78 

From the perspective of water balance in inland river systems, mountainous 79 

discharge maintains the existence of natural oasis, artificial oasis and groundwater 80 

system [24-25]. On the one hand, due to the arid climate and intensive 81 

evapotranspiration, the rare precipitation cannot locally form an effective recharge for 82 

the groundwater system in the plain area of the inland river basin [26]. On the other 83 

hand, desert vegetation is significantly affected by local precipitation, while oasis 84 

water consumption for amounts of vegetative productivity are mainly supported by 85 

mountainous discharge and groundwater [27]. With the continuous expansion of oasis 86 

scale and the increasing consumption of water for industry and life, water resources 87 

from mountain gradually become insufficient, the local have to exploit groundwater to 88 

meet the more and more water requirement [28]. From the above, surface runoff 89 

development leads to decrease of supplies, groundwater abstraction reduces the 90 

reserves, both contribute to the rapid degradation of groundwater system [29]. 91 

Quantification of water participated ecologic-environmental processes in arid 92 

regions is essential for understanding and planning of local development. Although 93 

errors in data collection regarding water utilization may result in significant 94 

uncertainties for analysis. Fortunately, land surface processes like variation of 95 

greenness or AET monitored by satellite sensors or their derivations satisfactorily 96 

represent reality [30], e.g. water consumption, represented by the green area in a 97 

satellite image could be used as a key to determine hydrological variables like AET, 98 
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for evaluation of the impact of anthropogenic modification on the complex 99 

hydro-processes [31-33]. In addition, fine-temporal imagery products such as NDVI 100 

(Normalized Difference Vegetation Index) from AVHRR or MODIS sensors has 101 

provided the potential for long-term land cover change interpretations [34-36], also an 102 

important indicator widely used for studying carbon-water balance in the context of 103 

climate change and play a key role in water management [37-39, 40, 41].  104 

Given the high-level complexity of multi-factor interactions in natural-artificial 105 

water systems [42], the hydrological responses to climate and humans’ impacts across 106 

a whole basin are difficult to quantifiably predict. In particular, the quantification of 107 

the relationship between the groundwater system and oasis scale [43] in arid inland 108 

river basin is rarely reported. In this study, a 30-year data package including 109 

hydrometeorology, remotely sensed NDVI, GLEAM-AET and other data was 110 

prepared. The objective of the study was to analyze oasis changes during the time 111 

period from 1981 to 2010, determine oasis vegetation water consumption by using 112 

GLEAM-AET data, combined with surveys of water utilization in life and industry 113 

systems, calculate oasis water consumption and water deficit, then assess the 114 

groundwater abstraction with its effectiveness on the regional groundwater system. The 115 

study could help residents better understand artificial impacts on arid hydrological 116 

processes, then benefit water planning and watershed management in arid regions in a 117 

changing climate. 118 

Method 119 

Study Area 120 
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The Shiyang River Basin (SYRB) is located in the easternmost part of the Hexi 121 

Corridor, which is mainly formed by 7 up-stream rivers sourced from the Qilian 122 

Mountain (southwest part in Fig. 1). The SYR flows north and passes Hongya 123 

Mountain, flowing into the Minqin district in the lower reaches. The flow generation 124 

area is located in the alpine zones with elevation ranging from 5130 m to 1855 m, and 125 

is dominated by lower Paleozoic epimetamorphic rocks and intensively cutting river 126 

networks. Groundwater is mainly fissure vein and interlayer water, which discharges 127 

into the river channels, flowing out of the mountainous outlets and into the middle 128 

and lower reaches where the elevation ranges between 1855 m to 1260 m, from the 129 

start of the southern mountains to the edge of the northern desert. Channel river water 130 

infiltrates and percolates into the deep Quaternary alluvial fans buried underground 131 

from 100 m to more than 200 m in the south slope area of the mountains, overflowing 132 

at the edge of the fans as springs and accumulating into land surface rivers again, then 133 

cutting through northern mountain valleys and partially becoming groundwater in the 134 

lacustrine deposit system. The rest forms contingent rump lakes and is eventually 135 

consumed by evapotranspiration, maintaining the regional water balance in the area 136 

[44]. Land covers show significant spatial heterogeneity, with distinct vertical 137 

zonation across the SYRB. The hydrological conditions in the area are 138 

representatively typical in the inland river basins [45]. 139 
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 140 

Fig. 1. Location map and oasis distribution in the SYRB. The basin is divided into areas in 141 

upper, middle and lower reaches according to regional hydrogeomorphology. Oasis are 142 

mainly located in areas of the latter two reaches, that in the north of the Hongya Res. is 143 

defined as in the lower reaches (administratively belonging to Minqin district), others are 144 

defined as in the middle reaches (administratively belonging to districts of Wuwei, Jingchang 145 

and Yongchang).  146 

 147 

At present, there are nearly 2.4 million people in the SYRB and population 148 

density is over 600 people per km2 in the oasis area. Water required to match 149 

socio-economic development in the area has dramatically increased since the early 150 

1980s, in conjunction with the extension of arable land. Irrigated area in the 1970s 151 
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was approximately 0.25 million ha, which expanded to over 0.4 million ha from the 152 

1980s to 2010s. Huge demand for agricultural irrigation has increased the use of 153 

mountainous discharges and abstraction of groundwater. The over-exploitation of 154 

water resources has strained the capacity of regional development for a relatively long 155 

time [46], resulting in a series of hydrological consequences, including considerable 156 

drawdown of groundwater [47]. Land surface ecology has deteriorated due to the 157 

decline of the groundwater system; most xerophytic shrubs such as elaeagnus 158 

angustifolia and white spines have died out. As desertification strengthened, native 159 

farmers were forced to migrate out as “environmental refugees” [16]. 160 

Data collection and processing 161 

Hydrometeorological data were collected in or near the SYRB, including data 162 

from 10 national weather stations (China meteorological data sharing network, 163 

http://cdc.cma.gov.cn) and seven hydrological observational stations (Gansu Province 164 

Bureau of Hydrology and Water Resources Monitoring) at the outlets of the 165 

mountainous sub-basins. The double-mass curve method [48] was used to check 166 

consistency for each hydrometeorological factor. The analogy method (linear) was 167 

adopted to interpolate or extend the missing data to complete the full 30-year series 168 

from 1981 to 2010. Actual evapotranspiration (AET) data were sourced from GLEAM 169 

(Global Land Evaporation Amsterdam Model, http://www.gleam.eu) datasets with a 170 

spatial resolution of 0.25°, which have been verified in china with good agreement to 171 

land surface flux observations [49-51]. Especially, in arid northwestern China with 172 

few observation stations, GLEAM-AET can help to better realize regional AET in 173 

http://cdc.cma.gov.cn/
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time and space [52-53]. Monthly GLEAM-AET are accumulated into annual ones 174 

from 1981 to 2010 and resampled to a 250 m resolution to maintain consistence with 175 

other data. We collected well-monitored groundwater data from administrative units 176 

including the Gansu Province Bureau of Hydrology and Water Resources Monitoring, 177 

Gansu Province Geology Survey, and Gansu Province Environmental Protection 178 

Agency. Data from the 129 monitoring wells were mainly distributed in the oasis area. 179 

Socioeconomic development information and related water utilization data were 180 

sourced from official statistics. The NDVI data required for the study were derived 181 

from the Advanced Very High Resolution Radiometer (AVHRR, 8 km resolution, 182 

1981 to 2006, https://ecocast.arc.nasa.gov/) and the Moderate Resolution Imaging 183 

Spectroradiometer (MODIS, 250 m resolution, 2001 to 2010, http://glovis.usgs.gov/). 184 

The land use/cover map used as base for calibration and validation of land cover 185 

classification was obtained from China’s National Land Cover Dataset (NLCD 2000, 186 

http://www.resdc.cn/). 187 

NDVI data cross-calibration 188 

The AVHRR and MODIS NDVI products were used for the determination of the 189 

maximum pixel NDVI value by the maximum-value composite (MVC) method in this 190 

study. All of the remotely sensed data were resampled into 250 m×250 m images to 191 

keep the spatial resolution identical. Next, series consistency was assessed and 192 

cross-calibrated by correlating corresponding pixels during the overlapping time 193 

period from 2001 to 2006 [34]. A linear regression method implemented for the 194 

overlapping time period was used to assimilate the two series for the extension of data 195 

https://ecocast.arc.nasa.gov/
http://glovis.usgs.gov/
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to the full time series from 1981 to 2010.  196 

Variation statistics 197 

The spatio-temporal variation of areal factors is analyzed using zonal statistics 198 

and Sen’s slope method [54]. Sen’s slope is a widely used method for variation 199 

analysis of hydrological and meteorological series. Judgement is based on the median 200 

of the series of slope. When evaluating the variation trend and amplitude of time 201 

series, the Sen’s slope method can reduce or avoid the impact of data anomalies and 202 

omissions. The formula is as follows:  203 

                        (1) 204 

Where en
ij

S  is the Sen’s slope; 
iX  and j

X  represent the sequential values 205 

corresponding to time i and j, where 1< i < j < n, n is the length of series. 206 

Determination of oasis extent 207 

Area of oasis was determined by coupling thresholds from the remotely sensed 208 

NDVI value and DTM datasets. Thresholds of vegetation greenness (NDVI value) 209 

and altitude (DEM) and slope (derived from DEM) were defined according to samples 210 

training of AOI (Area of Interest) corresponding to land cover types illustrated in a 211 

NLCD map. Thresholds above were used to determine the yearly extent of the oasis in 212 

the plain area of the SYRB. 213 

Regressive module of AET 214 

Driven mechanism of oasis AET was explored based on regressions by setting 215 

areal averages of air temperature (T), precipitation (P) and the NDVI values as 216 

independent variables under a multi-linear module at a monthly time scale: 217 
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                        (2) 218 

where  is the regression coefficient for the key climatic or vegetative index ( ), 219 

 is a constant term. Given the determination of the oasis scale and the observed 220 

series of T and P, the regressive module was statistically fitted to the GLEAM-AET 221 

data. 222 

Groundwater Dynamics 223 

Flooding irrigation in the study area dominated infiltration and percolation 224 

through the soil layer to the phreatic system. We consume that the recharged part of 225 

groundwater would finally provide abstraction and contributed to the AET 226 

consumption in the oasis area. Thus, groundwater utilization could be generally 227 

illustrated by a simple water balance module under a “net” framework: 228 

                  (3) 229 

where  is the annually positive/negative balance of the groundwater 230 

(108m3);  is the area of oasis (104ha);  is the surveyed water consumption by 231 

life and industry (108m3);  is the division of mountainous discharge to support the 232 

oasis water utilization (108m3, could be determined by surveying water division works 233 

at the mountain outlets and the Hongya reservoir which provides water to the lower 234 

area of the basin). Number 1000 is the arithmetic operator. 235 

We consider the groundwater dynamics a holistic consequence influenced by land 236 

surface and underground water supply and utilization. Thus, given the observations of 237 

mountainous discharges, surveyed life and industry water utilization and the 238 

simulated/monitored AET and Ao, the relationship between groundwater level 239 
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dynamics and other factors could be further explored by the following regressive 240 

formation:  241 

                    (4) 242 

where  is accumulative dynamics of groundwater level according to regional 243 

average of the well-monitoring. 244 

 245 

Fig. 2. The coupling framework determining groundwater dynamics responding to oasis water 246 

consumption through regional AET. 247 

Results 248 

Oasis variation in the SYRB 249 

Cross-calibration of the two NDVI datasets 250 

Discrepancies of the NDVI products derived from AVHRR and MODIS datasets 251 

were assimilated by pixel-comparison during the overlapping time period from 2001 252 

to 2006. The regressive equation for cross-calibration was found in a linear form of: 253 

                  (5) 254 
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Consistency of the two NDVI series was checked into a correlation coefficient 255 

number of 0.79 (P≤0.05). The assimilated dataset of NDVI could be considered 256 

satisfactory for series extension and the data resolution was treated to the same level 257 

as the MODIS data. 258 

Interpretation of oasis scale 259 

The land cover map from NLCD 2000 was set as the base to determine AOIs. The 260 

extended series of NDVI was used to determine the oasis area, combined with raster 261 

maps of elevation (DEM) and the DEM-based derivation of terrain slope. Analysis of 262 

the AOIs resulted in thresholds of Altitude ≤2200 m and Slope ≤7°, corresponding to 263 

where the arable oasis mainly distributed in plain areas, a reflection that the 264 

cultivation remarkably occurred in the relatively flat area with lower altitude in the 265 

SYRB. The annual maximum NDVI value by MVC method was trained into ≥0.4 in 266 

these areas, including small area of forest and grassland with high land coverage 267 

supported by irrigations, near water bodies or in areas with shallow groundwater 268 

buries. Other land cover types like sparse vegetation (arid or semi-arid shrubs or 269 

grassland) and bare land (desert or Gobi) would have been excluded because the focus 270 

of this study is mainly on artificial-participated water utilization with its effectiveness 271 

on groundwater system.  272 

Oasis scale from 1981 to 2010 273 

The scale of oasis maintained increasing during the period. Surveys and our 274 

analysis both pointed to a significant extension of the irrigated oasis scale during the 275 

1980s (Fig. 3). Area of oasis increased from 24.5*104 ha to near 40*104 ha in the ten 276 

years. After that, the increase of oasis became slight. In the late 2000s, a small 277 
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shrinkage was found in the middle reaches, where occupied approximately 77% of the 278 

total oasis area in the basin. 279 

 280 

Fig. 3. Changes of oasis scale in the SYRB from 1981 to 2010.  281 

Correlation between AET and climatic and vegetative factors 282 

Regressive module of AET 283 

For a better understanding of AET variation under the background of climate 284 

change and human activities in the oasis area, GLEAM-AET during the growing 285 

season (mainly during the time period from March to November in the area) were 286 

stepwise regressed by the key factors of T, P and NDVI, as illustrated in Eq. (2). 287 

Zonal statistics were used to calculate values of the four factors at a monthly time 288 

scale. Regressions showed positive influences of T and NDVI but a negative one of P 289 

to regional AET variations. Final module by stepwise regression was calibrated into: 290 

AET=3.59*T-0.16*P+117.23*NDVI-24.95              (6) 291 

where AET represents the simulated one in oasis area when key climatic factors and 292 

vegetative index considered as auxiliary variables, T is averaged monthly air 293 

temperature (℃), P is monthly total of precipitation (mm), NDVI is the MVC-based 294 
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monthly NDVI. 295 

Stepwise regression fitted into satisfactory precision, correlation coefficient 296 

valued 0.87 when compared to the referenced series (Fig. 4), meant that the regressive 297 

module could explain about 87% of the GLEAM-AET. 298 

 299 

Fig. 4. Calibration of the climate & vegetation factors driven regional AET. 300 

Influences of climate change and oasis ecology on regional AET 301 

The regressive module (Eq. (6)) was extensively implemented to the whole time 302 

period from 1981 to 2010, given the monitored series of T, P and NDVI. Statistics of 303 

monthly variation in the 30-year span resulted into different changeable amplitude for 304 

all the 4 variables (Fig.5). Generally, warming facilitated aridity in an arid area 305 

because of the sparse precipitation, although artificial irrigations changed water 306 

supply and supported vegetation growing. Greenness reflected by NDVI presented 307 

suppressing in most of the initial growing stages, no matter the precipitation increased 308 

or decreased. AET increased along with the up-going air temperature in the stages 309 
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(Fig. 5, column3-4), a reflection of facilitation of warming on regional AET. Most of 310 

crops in the study area turned into developing/middle stages since May to July. 311 

Statistics resulted into an obvious decrease of precipitation but a remarkable increase 312 

of AET in June (Fig.5, column 6). Given the small amount of rainfall, irrigation 313 

played important role in this stage. Also, less precipitation might correspond to more 314 

sunny days, a verification of increasing AET requirement in this stage. In a similar 315 

way, increased rainfall (more cloudy days), combined with the decrease of air 316 

temperature in September, suppressed AET to some extent, although the greenness 317 

(NDVI) presented strengthened (Fig. 5, column 9). Indicating that except for the 318 

vegetative transpiration, an environmental loss through soil evaporation was 319 

necessary to support the total AET water consumption. 320 
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 321 

Fig. 5. Monthly variation of each factors and their contributions to AET variation. The 322 

positive and negative signs represent the enhanced or weakened effects.  323 

Sen’s Slope testing revealed that during the time period from 1981 to 2010, the air 324 

temperature increased by 1.74℃ , facilitated increase of AET by 56.2 mm 325 

(approximately in a ratio of 32.3 mm/℃). The increase of precipitation during the 326 

growing season in the 30 years summed into 41.7 mm, approximately brought about 327 

6.7 mm suppress of AET (approximately in a ratio of 1.6 mm/10mm). Oasis scale 328 

presented extension according to remote sensing monitoring, NDVI value averaged 329 

into a total increase of 0.12, resulted into additional AET by 13.7 mm (approximately 330 

in a ratio of 11.4 mm corresponding to strengthened unit greenness of 0.1). Findings 331 

above aggregately pointed to unit influences of 32.3 mm/℃, -1.6 mm/10 mm and 11.4 332 

mm/0.1 of the changeable T, P and NDVI on oasis AET variations in the SYRB (Fig. 333 
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9b). Consequentially, contribution ratios of the climate change (varied T and P) and 334 

oasis ecology (mainly supported by irrigation) to the changed AET were calculated 335 

into 78% and 22% at a 30-year time scale. Although artificial irrigation basically 336 

supported the oasis ecology, it was the warming that dominated the increase of the 337 

consumptive oasis AET in the arid regions like the SYRB, given a vegetative growing 338 

condition of adequate water supply. 339 

Net water consumption in the oasis area of the SYRB 340 

Net oasis water consumption was determined by product of GLEAM-AET and the 341 

remote sensing-based delineation of oasis scale. Spatial statistics resulted in average 342 

AET consumption of 359.97 mm/a and 442.46 mm/a, corresponding to total oasis 343 

water utilization of 11.04×108 m3 and 3.89×108 m3 in the middle and lower reaches, 344 

respectively. Combined with household and industry water consumption, averaged 345 

into 1.96×108 m3 and 0.17 ×108 m3 in the middle and lower oasis during the reference 346 

period, net water consumption in the oasis area of the SYRB was 17.06×108 m3, 347 

although multi-yearly monitored mountainous discharges were averaged into a total 348 

volume of 13.99×108 m3 in the 30 years. When considering possible water loss 349 

through evaporation in reservoirs, total water demand far exceeded the available water 350 

resources in the SYRB.  351 

Responses of groundwater system to oasis water utilization 352 

Net consumption of groundwater 353 

Due to a huge water requirement in the oasis area, water utilization continuously 354 

increased in recent decades in China’s inland river basins [15]. At the basin level, 355 

gross supply of water resources consists of two parts: the amount extracted from 356 



20 

 

mountainous discharges and groundwater abstractions. According to our statistics, the 357 

reservoir-canal systems extracted almost the whole of mountainous discharges for 358 

oasis water utilization in the middle and lower reaches, which provided approximately 359 

82% of the total oasis water consumption, the rest was mainly supported by local 360 

groundwater abstraction.  361 

Series of simulated oasis AET and remote sensing monitored oasis scale, 362 

combined with monitored or surveyed mountainous discharges and life & industrial 363 

water use, were put into Eq. (3) as parameters to determine the net groundwater 364 

consumptions ( ). Groundwater levels from monitoring wells (Fig. 1) were treated 365 

into differential series to illustrate dynamics, which were spatially averaged to 366 

represent the regional responses corresponding to net groundwater consumption. 367 

Collaborative trends of the two accumulative series in both middle and lower reaches 368 

(Fig. 6) indicated that quantification under a net balance module was reliable to 369 

estimate influences of oasis water utilization to the groundwater system. Obvious 370 

differences of groundwater utilizations and responses were found in the middle and 371 

lower reaches. More net consumption of groundwater led to near-linear and greater 372 

drawdown of groundwater level in the lower reaches, while that in middle oasis area 373 

fluctuated occasionally as a result of the huge percolation recharge from channel 374 

transferring and irrigation. Consequently, before 1995, there presented an overall 375 

positive groundwater balance in the middle part of the basin, total water consumption 376 

in the area was less than mountainous discharges could provide. Conversely, there 377 

was continual drawdown in the lower oasis area over the whole period, indicating an 378 
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always negative balance of the groundwater system there. From the point of water 379 

sources, the relatively smaller drawdown of groundwater level in area of middle 380 

reaches benefitted by advantages of the mountainous discharges, while the obviously 381 

severe decline of the underground water system in lower reaches was mainly because 382 

of the finite water division into the Hongya Reservoir and the intensive abstraction. 383 

 384 

Fig. 6. Trends of accumulation of net groundwater consumption and groundwater level 385 

dynamics. Inverse trends of the two were found in oasis areas in the middle and lower reaches 386 

of the SYRB. 387 

Relationship between groundwater dynamics and influential factors 388 

Accumulative series of the variables in Eq. (4) were stepwise regressed to 389 

calibrate key factors functioning on groundwater dynamics. Factor VLI (life and 390 

industrial water utilization) excluded during the regressive exploration. Reasons might 391 

lie in small scale and dispersive abstraction of groundwater providing water use for 392 

the sectors. The proportion of life and industry use of water resources in the SYRB 393 

increased along with extension of population and manufacturing industry, although it 394 

still occupied a relatively small ratio of the total water consumption in each of the 395 

decades, during the time period from 1981 to 2010 (Fig. 7).  396 
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 397 

Fig. 7. Percentages of water used for different purposes in the SYRB. (Legend: VL, VI and 398 

Eco-U represent water use by life, manufacturing industry and oasis consumptions, 399 

respectively. VLI shows the variation of life and industry water use in different decades (in 400 

108m3).) 401 

Stepwise regression resulted in: 402 

              (7) 403 

The regression revealed that main factors which influencing groundwater 404 

variation were oasis AET, scale and the water diversion by kinds of water 405 

conservancy projects. Regressive coefficient was calibrated into an R2 of 0.89 (Fig. 8), 406 

indicating that the relationship between the four variables (dependent variable was the 407 

monitored groundwater dynamics) was essential. Negative value indicates an increase of 408 

groundwater level, generally corresponding to slight dynamics (points in the ellipse). Eq. (7) 409 

could be considered expressing the relationship among the four variables with 410 

satisfactory reliability at a basin level. 411 
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 412 

Fig. 8. Calibration of the groundwater dynamics driven by oasis AET, scale and mountainous 413 

discharges.  414 

Ideal oasis scale for a sustainable groundwater system 415 

Under the framework illustrated by Eq. (7), combination of irrigation area and 416 

oasis AET impacted drawdown of the groundwater level, while the diversion of land 417 

surface water could counteract and retard the decline of the groundwater system. 418 

Given the neglection of local interactions between land surface and underground 419 

water system (e.g. temporary exchanges of water in some of the river sections; local 420 

depressions due to intensive abstractions, evaporation in water bodies) and the 421 

induced errors in quantifying the relationship between groundwater dynamics, 422 

scenario of none groundwater drawdown could help to explore further the rational or 423 

ideal oasis water utilization under the background of human regulation and climate 424 

change. Fig. 9 was plotted corresponding to different surface water divisions under 425 

the hypothesis of none groundwater level drawdown, which could also help to 426 

understand oasis water utilization when considering a groundwater system recovery. 427 

Ellipses present ranges of oasis AET and scale from 1981 to 2010 in the SYRB. 428 
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Triangles indicate the average of the variables, while the crosses represent the ideally 429 

rational oasis area supported by the real land surface water division without 430 

groundwater drawdown. During the time period from 1981 to 2010, observations and 431 

simulations revealed numerical ranges of oasis AET (334-396, in mm) and oasis scale 432 

(18.4-45.0, in 104 ha) in the middle reaches, while that in the lower reaches, were in 433 

the ranges of (408-483, in mm) and (4.5-11.1, in 104 ha) for oasis AET and scale, 434 

respectively (ellipse in Fig. 9a). Oasis AET and scale were averaged into 360 mm and 435 

30*104 ha in the period in middle reaches, pointing to a virtual water diversion of 436 

14*108 m3 if there would not have groundwater drawdown. It was impossible because 437 

of policy-regulated water division to lower reaches. The deficit was matched by 438 

abstractions of groundwater. The situation was same in the lower reaches, where the 439 

30-year averaged oasis AET and scale were 442 mm and 9*104 ha, corresponding to a 440 

requirement of 5.5*108 m3 for land surface water division. It happened in 1950s-1960s 441 

when oasis scale in middle reaches was relatively small. Real water division for oasis 442 

utilization in middle reaches and lower reaches were averaged into approximately 443 

12*108 m3 and 1.8*108 m3 from 1981 to 2010. If the decline of groundwater system 444 

would not continue, the ideal oasis scale should be about 26*104 ha and 2*104 ha in 445 

the middle and lower reaches (bold red numbers in Fig. 9a), meant that ideal 446 

shrinkage of the oasis scale for a healthy groundwater system in the SYRB might be 447 

11*104 ha. For the huge population (especially the farmers) survival, natural shortage 448 

induced water problem for a healthy oasis in the SYRB is still crucial. Furthermore, 449 

increase of air temperature, together with strengthened vegetation dynamics facilitated 450 
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regional AET requirement. Although weather conditions in days of the increasing 451 

precipitation suppressed oasis AET, which also might reduce water utilization to some 452 

extent, the effectiveness was slight when compared with the other two factors (Fig. 453 

9b). Under a background of warming (Fig. 9c), facing with deterioration of the 454 

underground system, rational development of oasis soil and water needs more 455 

attention and better planning. In the late 2000s, strict rules were implemented to 456 

partition water resources between the middle and lower reaches (division part should 457 

not be less than 2.7*108 m3 in a year [55], corresponding to a suitable oasis area of 458 

4*104 ha according to our study), to cut down groundwater abstraction in order to 459 

maintain a healthy underground system, and to demonstrate advanced water-saving 460 

methods in experimental regions (which might lead to decrease of AET requirement). 461 

All of these have helped, but not enough according to our study. Water division from 462 

outside the SYRB would be the key allowing better achieving socio-economic 463 

development under a background of changing climate. 464 
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 465 

Fig. 9. Ideal oasis water utilization based on considering oasis area, AET and mountainous 466 

discharges (a). Regional AET variations due to unit changes of influential factors (b) and 467 

increasing of air temperature in the SYRB during the time period from 1981 to 2010. 468 

A 30-year basin water balance in the SYRB 469 

In inland river basins, mountainous discharge and abstraction of groundwater 470 

supported a huge oasis AET requirement, combined with industry water use and 471 

household water consumption. Precipitation is rarely able to recharge an underground 472 

water system in an arid region when precipitation is within 100-200 mm/a [47]. Latent 473 

flows from alluvial fans were important recharge sources for shallow groundwater in 474 

inland river plains (Fig. 10). The increased precipitation had no positive influences on 475 

the saturated zone, but might benefit land surface ecology [56]. Together with 476 

near-complete development of mountainous discharges, frequent abstractions in the 477 

plain area were essential to meet the AET and other consumptions, at the expense of 478 

groundwater drawdown and decline of spring outflow. Statistics in the SYRB revealed 479 
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that annual rate of groundwater drawdown in the lower area was at a high rate of 0.31 480 

m/a, resulting in near-bare spring outflow for a relatively long time. The average 481 

drawdown rate was 0.17 m/a in the middle reaches. Spring outflow there declined at 482 

an annual rate of 0.017 ×108 m3/a during the time period [57]. 483 

 484 

Fig. 10. Conceptual illustration of groundwater dynamics corresponding to regional climate 485 

change and oasis water consumption across the SYRB, during the time period from 1981 to 486 

2010.  487 

Discussions 488 

Quantification of water consumption 489 

Given the concept of “artificial oasis” in the arid inland river basins, there would 490 

not have scale ecology corresponding to identified greenness if without irrigation or 491 

similar hydro-conditions. Regions with NDVI value less than 0.4 were excluded 492 

according to AOI training, meant that land surface ecology there supported mainly by 493 

local precipitation. We defined those places transitional region between oasis and the 494 

bare desert, land covers presented characteristics of desert vegetations more. In the 495 
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artificially regulated oasis area, the greenness indicated by NDVI is mainly 496 

maintained by irrigation. Different crop irrigation systems and planting structures 497 

make it difficult to quantify water consumption, but remote sensing data provides 498 

convenience for us, although the uncertainty of remote sensing data still exists. 499 

Meanwhile, due to the small proportion of domestic and industrial water use in the 500 

region, the quantification of land surface AET in the area is the vast majority of water 501 

consumption.  502 

Feasibility of regression module 503 

Exploration of regressive modules to quantify oasis AET (Eq. (6)) and regional 504 

groundwater dynamics (Eq. (7)) were based on surveys or observations at various 505 

spatial-temporal scales. The monthly AET series driven by regional T, P and NDVI 506 

based on remote sensing data contributed to determine oasis AET, which made 507 

quantifying net oasis water consumption possible, given the determination of oasis 508 

scale. Dataset of groundwater dynamics represented by phreatic level were 509 

established by the averaged series in the middle and lower reaches. Oasis AET and 510 

scale, together with land surface water division were calibrated as key factors 511 

influencing groundwater variations regionally. Our study ignored occurrence of 512 

intermittent interactions of water between land surface and underground, like 513 

intensive abstraction due groundwater funnels, linear or areal leakages in rivers or 514 

reservoirs. The focus of our research is at a basin scale, although the lack of details 515 

above might lead uncertainties when considering hydro-processes locally. In the 516 

absence of a complete dataset to support, comprehensive application of various data, 517 
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together with trading ideas between space and time based on similarity, could be 518 

considered a way to approach at a basin scale. 519 

Water resource management 520 

Given the natural mountain-plain pattern of inland river systems, their hydrological 521 

processes are inherently influenced by the complexities of the regional 522 

hydro-geomorphology, climatic ecology, and human activities. The mountainous 523 

discharges from the upper river basins vary over time due to climate change’s effects on 524 

land surface water flux, while hydrological responses in the middle and lower plains are 525 

predominantly impacted by human activities. Sen’s slope method tested mountainous 526 

discharges presented an overall decrease from 1981 to 2010 (Fig. 10). The extension of 527 

arable land led to an aggregation of land surface AET in the irrigated oasis. 528 

Reservoir-canal-well systems, initially developed to support the huge irrigation 529 

demand, led to dried-up river channels in addition to regional drawdown of 530 

groundwater. These not only led to depressions of spring outflow and phreatic 531 

evaporation, but also reduced necessary water absorption by roots [56]. Degeneration 532 

of land cover would lead to higher risk of oasis destruction due to interior and 533 

circumjacent desertification. Especially, high risk of the oasis survival in the lower 534 

reaches of the SYRB verified over the past several decades, coinciding with desert 535 

extension in other areas and with strengthening dust storms in northwestern China [58]. 536 

These impacts indicate the negative results of overexploitation on water resources and 537 

its gradual consequences for regional hydrology and ecology, and serves as a warning 538 

for pursuing economic well-being at the expense of the environment. Our study could 539 
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be considered as a 30-year case example when above contradictions presented 540 

remarkably in inland river systems in arid regions. 541 

Conclusion 542 

In this study, various-source data were used to calibrate and determine driven 543 

factors which influencing net oasis water consumption and regional groundwater 544 

dynamics, in the selected SYRB in arid northwestern China. Modules analysis 545 

revealed a warming dominated AET increase, while oasis extension led to the huge 546 

water consumption and remarkable drawdown of regional groundwater level during 547 

the time period from 1981 to 2010. Drawdown rates were averaged into 0.17 m/a and 548 

0.31 m/a in the middle and lower reaches, respectively, indicating an approximately 549 

continuous decline of the basin groundwater system. Given a perspective of 550 

groundwater system recovery, our study quantitatively pointed to prominent gaps 551 

between real oasis scales and the rational ones in both the middle and lower reaches. 552 

For a sustainable future of population survival and land surface ecology in the SYRB, 553 

moderate shrinkage of oasis scale and water division from outside into the basin 554 

would be essential. 555 

 556 
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Figures

Figure 1

Location map and oasis distribution in the SYRB. The basin is divided into areas in upper, middle and
lower reaches according to regional hydrogeomorphology. Oasis are mainly located in areas of the latter
two reaches, that in the north of the Hongya Res. is de�ned as in the lower reaches (administratively



belonging to Minqin district), others are de�ned as in the middle reaches (administratively belonging to
districts of Wuwei, Jingchang and Yongchang). Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

The coupling framework determining groundwater dynamics responding to oasis water consumption
through regional AET.



Figure 3

Changes of oasis scale in the SYRB from 1981 to 2010. Correlation between AET and climatic and
vegetative factors



Figure 4

Calibration of the climate & vegetation factors driven regional AET.



Figure 5

Monthly variation of each factors and their contributions to AET variation. The positive and negative
signs represent the enhanced or weakened effects.



Figure 6

Trends of accumulation of net groundwater consumption and groundwater level dynamics. Inverse trends
of the two were found in oasis areas in the middle and lower reaches of the SYRB.

Figure 7

Percentages of water used for different purposes in the SYRB. (Legend: VL, VI and Eco-U represent water
use by life, manufacturing industry and oasis consumptions, respectively. VLI shows the variation of life
and industry water use in different decades (in 108m3).)



Figure 8

Calibration of the groundwater dynamics driven by oasis AET, scale and mountainous discharges.



Figure 9

Ideal oasis water utilization based on considering oasis area, AET and mountainous discharges (a).
Regional AET variations due to unit changes of in�uential factors (b) and increasing of air temperature in
the SYRB during the time period from 1981 to 2010.



Figure 10

Conceptual illustration of groundwater dynamics corresponding to regional climate change and oasis
water consumption across the SYRB, during the time period from 1981 to 2010.


